Introduction {#S0001}
============

Severe exacerbation, one of the outcomes of chronic obstructive pulmonary disease (COPD) of most concern, refers to patients requiring hospitalization or visiting the emergency department (ED) because of worsening respiratory symptoms (cough, sputum, and dyspnea).[@CIT0001] It is estimated that severe episodes only accounted for less than 10% of all exacerbations, but hospitalizations approximately result in 60--70% of COPD-associated medical expenditure.[@CIT0002]--[@CIT0004] Furthermore, severe exacerbations can not only increase short-term and long-term mortality,[@CIT0005],[@CIT0006] but also deteriorate lung function more rapidly[@CIT0007]--[@CIT0009] and impair quality of life.[@CIT0010]--[@CIT0012] Therefore, preventing or ameliorating the severity of exacerbation is deemed as an important target during the manangement of COPD.

COPD is a fairly heterogeneous disease[@CIT0013] and exacerbation modes vary greatly between patients and during follow-up.[@CIT0014] Future exacerbation risk was not well assessed with only the history of earlier treated events.[@CIT0015] With the use of composite prediction models, clinicians could make a more comprehensive evaluation of disease severity and gain more precise information about the risk of acute exacerbations. Global Initiative for Chronic Obstructive Lung Disease (GOLD) guidelines recommended that different management strategies should be tailored on the basis of individualized assessment of symptoms and future risk of exacerbations.[@CIT0001] That is, clinicians should provide optimal therapeutic interventions after weighing up exacerbation risk and potential harm and economic load of treatment measures. Therefore, a good prediction model is needed.

However, there are limited tools for predicting the exacerbations in patients with COPD. Summing scores, such as ADO (age, dyspnea, obstruction),[@CIT0016] BODE (BMI, obstruction, dyspnea and exercise capacity)[@CIT0017] and DOSE (dyspnea, obstruction, smoking status, and exacerbations),[@CIT0018] were extensively validated as not very effective in predicting future exacerbations.[@CIT0015] Also, there are no reports about how these scores perform in predicting prospective severe exacerbations. One risk index, composed of age, percentage of predicted FEV~1~, oral steroids at entry, cardiovascular comorbidity and unscheduled clinic/ED visits for COPD in the prior year,[@CIT0019] was developed to forecast hospitalization due to COPD exacerbations. However, its population was from a clinical trial for tiotropium and confined to a single health-care system, which might not be representative of COPD patients. It was not externally validated in other independent populations, therefore, its clinical applicability was uncertain. A meta-analysis was also accomplished to appraise existing prediction models predicting exacerbations in COPD patients,[@CIT0020] which disappointingly drew the conclusion that most of the prediction models were at high risk of bias and none could be employed in clinical application currently.

Hence, we intend to develop and internally validate a practical tool to predict risk of severe exacerbations in COPD patients during long-term follow-up based on data derived from a multicenter prospective study. We present the results as a nomogram, user-friendly instrument with visualized prediction outcomes.

Methods {#S0002}
=======

Under the guide of Transport Reporting of a Multivariable Prediction Model for Individual Prognosis of Diagnosis (TRIPOD) statement, a nomogram was developed and internally validated by bootstrapping. Detailed results were shown in [[Supplementary Table S1](https://www.dovepress.com/get_supplementary_file.php?f=234241-S1.docx)]{.ul}.

Study Design and Participants Selection {#S0002-S2001}
---------------------------------------

Subpopulations and Intermediate Outcome Measures in COPD Study (SPIROMICS)[@CIT0021] is funded by the National Health Lung and Blood Institute (ClinicalTrials.gov identifier: NCT01969344). Its research protocol was approved by the institutional review boards of all participating institutions and written informed consent was obtained from patients. This study was approved by the ethics committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology (IRB ID: 20190310), which waived requirement for patients informed consent because of the anonymous nature of the data.

SPIROMICS is a multicenter prospective cohort study, enrolling participants from 2010 to 2015 at six clinical centers with a total of 11 recruitment locations. Details of the SPIROMICS study design, data collection, data quality, and eligibility criteria have been reported previously.[@CIT0021] Briefly, participants, aged 40--80 years, were enrolled and distributed across four strata according to smoking status and spirometry. In this study, clinical data were extracted from selected stratum 3 and 4 (mild/moderate and severe COPD), a wide range in the severity of COPD. These patients were identified as current or former smokers (history of smoking \>20 pack-year), with post-bronchodilator FEV~1~/FVC ratio \<70%. Principal exclusion criteria were: 1) failed to consent/complete the study; 2) BMI \>40 kg/m^2^; 3) inability to fulfill pulmonary function testing; 4) diagnosed with myocardial infarction and uncontrolled congestive failure in the past six weeks.

Information about frequency and severity of prospective COPD exacerbations, offered by patients self-reported and identified or verified by medical records, were collected every three months during longitudinal follow-up visits. Any exacerbation of COPD was a report of worsening respiratory symptoms needing additional therapy. Severe exacerbation was defined as a patient suffering from an acute episode of respiratory symptoms required to be admitted to hospital or visit the ED. Participants were treated by their usual health-care providers and this research did not interfere.

Predictors and Definitions {#S0002-S2002}
--------------------------

At baseline, sociodemographic and clinical data were collected in the SPIROMICS study. To develop a practicably predictive tool, we summarized factors related to severe exacerbations in published literature and considered clinical ready accessibility. Candidate predictors contained: age[@CIT0019],[@CIT0022],[@CIT0024] BMI, (calculated as weight (kg)/\[height (m)^2^\]),[@CIT0023],[@CIT0024] severe exacerbations history,[@CIT0019],[@CIT0024] comorbidities (coronary artery disease, congestive heart failure, diabetes mellitus, gastro-esophageal reflux disease, asthma and sleep apnea),[@CIT0019],[@CIT0024]--[@CIT0027] post-bronchodilator FEV~1~% predicted,[@CIT0019],[@CIT0024] questionnaires: modified Medical Research Council dyspnea scale (mMRC)[@CIT0028] measuring degree of dyspnea and COPD assessment test (CAT)[@CIT0024],[@CIT0029] evaluating health status, recent using of oral corticosteroids[@CIT0019] and white blood cell count.[@CIT0024] All of these predictors were assessed as long as participants were recruited in this cohort.

Severe exacerbations history, which was defined as COPD patients need medical care in hospital or ED because of intolerant respiratory symptoms in the 12 months prior to enrollment, was gathered through their recall of exacerbation treatments. Comorbidities were diagnosed by a health professional and reported by participants. There have already been scoring systems quantifying significance of comorbidities in COPD, such as the Charlson comorbidity index (CCI),[@CIT0030] COPD specific comorbidity test (COTE)[@CIT0031] and comorbidities in chronic obstructive lung disease (COMCOLD).[@CIT0032] However, all of them were too complicated and difficult to be applied in our model. Subsequently, we only considered comorbid diseases reported to seriously influence outcomes of COPD patients.

Statistical Analysis {#S0002-S2003}
--------------------

Data were described as mean ± SD or median (interquartile) for continuous variables, and as frequency or percentage for categorical variables. Patients with and without future severe exacerbations were compared with respect to demographic characteristics and clinical data using *t*-test or Mann--Whitney *U*-test for continuous data, chi squared test for categorical data.

Post-bronchodilator FEV~1~% predicted was divided into ≥80%; 50--79%; 30--49% and \<30%, according to GOLD stage.[@CIT0001] White blood cells count ≥10\*10^9^/L was defined as leukocytosis. We used the X-tile 3.6.1 (Yale University, New Haven, CT, USA) to identify the best cut-off for age (65 years) and BMI (21 kg/m^2^). Independent association between each of candidate variables and severe exacerbations was assessed through multivariable Cox proportional hazard regression model. Results were presented as HR and 95%CI. To make the best use of prognostic value of predictive models, we selected one optimal combination of parameters based on the smallest Akaike Information Criterion (AIC). A nomogram to forecast risk of severe exacerbations at three and five years was established with determined predictors.

Our nomogram, as well as those widely validated risk scores (ADO, BODE and DOSE), were estimated and compared in discrimination (the concordance index), calibration (calibration plot) and clinical efficacy (decision curve analysis). Decision curve analysis could ascertain whether the implementation of the nomogram in clinical practice would be beneficial and which of alternative models should be chosen. Calibration plots were conducted with 1000 bootstrapped resamples for internal validation.

Statistical analyses were performed by R software (version 3.4.3, [<http://www.R-project.org>]{.ul}), and EmpowerStats software ([[www.empowerstats.com](http://www.empowerstats.com)]{.ul}, X&Y Solutions, Inc. Boston MA, USA). A two-tailed *P*\<0.05 was considered to be statistically significant.

Results {#S0003}
=======

Incidence of Severe Exacerbations and Baseline Characteristic {#S0003-S2001}
-------------------------------------------------------------

[Figure 1](#F0001){ref-type="fig"} showed the flow diagram of our study. A total of 2863 participants were enrolled in SPIROMICS study. There were 1745 COPD patients after excluding 1118 cases, which included 195 healthy never-smokers, 920 smokers without airflow obstruction and 3 GOLD stage unclassified. Finally, a cohort of 1711 patients was eligible for this study excluding 34 cases without prospective exacerbations data. During follow-up, there were 983 (74%) patients who encountered ≥1 any exacerbations of COPD, 523 (30.6%) who had severe exacerbations. Median duration of follow-up was 50 months. Mean age of study population was 65 years and around half was male and mean BMI was 27.3 kg/m^2^, meeting or even exceeding threshold of overweight. The severity of COPD measuring by GOLD stage was widespread, from mild to very severe, and the major (68.6%) patients were moderate to severe airflow limitation. Participants who experienced prospective severe exacerbations showed more frequent severe exacerbations in the prior year along with worse airflow limitation, higher level of inflammation biomarkers, worsen dyspnea symptoms, poorer health status and more need in therapy, including oral and inhaled corticosteroids, inhaled bronchodilator ([Table 1](#T0001){ref-type="table"}).Table 1Baseline Characteristic of Study PopulationTotal COPD Cohort (N=1711)Severe Exacerbations During Follow-up*P*-valueNo (N=1188)Yes (N=523)DemographicsAge (years)65.2 ± 8.065.6 ± 7.964.4 ± 8.20.005Male984 (57.5%)713 (60.0%)271 (51.8%)0.002BMI (kg/m^2^)27.3 ± 5.327.4 ± 5.227.0 ± 5.50.176Clinical DataGOLD Stage\<0.0011367 (21.4%)315 (26.5%)52 (9.9%)2764 (44.7%)571 (48.1%)193 (36.9%)3409 (23.9%)224 (18.9%)185 (35.4%)4171 (10.0%)78 (6.6%)93 (17.8%)Current smoker572 (34.0%)388 (33.2%)184 (35.9%)0.286Smoking pack-years, median (IQR)46.0 (35.0--62.0)45.0 (35.0--60.0)48.0 (36.2--63.8)0.235Severe exacerbations history259 (15.4%)99 (8.5%)160 (31.1%)\<0.001ComorbiditiesHistory of coronary artery disease179 (10.6%)121(10.3%)58(11.3%)0.548History of congestive heart failure53 (3.1%)28 (2.4%)25 (4.9%)0.007History of GERD534 (31.6%)355 (30.2%)179 (34.9%)0.054History of diabetes230 (13.6%)145 (12.3%)85 (16.5%)0.020History of asthma381 (22.8%)220 (19.0%)161 (31.3%)\<0.001History of sleep apnea321 (19.9%)212 (18.9%)109 (22.3%)0.115PhysiologyPost-bronchodilator FEV1 (% predicted)60.8 ± 23.065.4 ± 22.350.5 ± 21.1\<0.001CAT15.5 ± 8.014.0 ± 7.818.7 ± 7.7\<0.001mMRC score1.3 ± 1.01.1 ± 1.01.6 ± 1.0\<0.001Inflammation BiomarkerWhite blood cell, median (IQR), (10^9^/L)7.0 (5.9--8.4)6.9 (5.8--8.2)7.2 (6.0--8.7)\<0.001TreatmentCurrently using oral corticosteroids60 (3.6%)25 (2.1%)35 (6.8%)\<0.001Inhaled bronchodilators1120 (66.2%)691 (58.7%)429 (83.5%)\<0.001Inhaled corticosteroids793 (46.8%)465 (39.4%)328 (63.7%)\<0.001[^1] Figure 1Study flow chart. SPIROMICS: Subpopulations and Intermediate Outcome Measures in COPD Study.

Identifying Predictors and Developing Nomogram {#S0003-S2002}
----------------------------------------------

After stepwise regression selection based on the smallest AIC, following predictors were recognized as the best combination: BMI, severe exacerbations history, congestive heart failure, GERD, diabetes, asthma, post-bronchodilator FEV~1~% predicted, CAT and white blood cells count. Coefficient of variable was showed in [[Table S2](https://www.dovepress.com/get_supplementary_file.php?f=234241-S2.docx)]{.ul}. To improve the nomogram's simplicity, we created a variable as comorbidity index ranging from 0 to 4, with directly counting numbers of congestive heart failure, GERD, diabetes and asthma one patient had. Results of regression analysis with comorbidity index were performed repeatedly and presented in [Table 2](#T0002){ref-type="table"}. For comparison, regression model was conducted with all variables in their original form ([[Table S3](https://www.dovepress.com/get_supplementary_file.php?f=234241-S2.docx)]{.ul}). Identified predictors in the [[Table S2](https://www.dovepress.com/get_supplementary_file.php?f=234241-S2.docx)]{.ul} were the same as [[Table S3](https://www.dovepress.com/get_supplementary_file.php?f=234241-S3.docx)]{.ul}. Therefore, we developed a nomogram for predicting risk of COPD severe exacerbations at 3- and 5-year using these selected predictors ([Figure 2](#F0002){ref-type="fig"}).Table 2Identified Predictors of Severe Exacerbations from Cox Proportional Hazards Model, N=1438HR95%CI*P*-valueBMI, \<21 kg/m^2^1.49(1.11--2.00)0.0076Severe exacerbations history1.90(1.54--2.35)\<0.0001Post-Bronchodilator FEV~1~ (% predicted) ≥80 50--791.68(1.20--2.35)0.0024 30--492.53(1.79--3.58)\<0.0001 \<303.33(2.26--4.92)\<0.0001Comorbidity Index 0 11.29(1.04--1.59)0.0194 21.89(1.45--2.47)\<0.0001 ≥33.53(2.09--5.97)\<0.0001 CAT1.05(1.03--1.06)\<0.0001 White blood cell, ≥10×10^9^/L1.35(1.03--1.77)0.0318 Figure 2A nomogram to predict the risk of severe exacerbations in stable COPD patients. To use the nomogram, draw a vertical line to identify corresponding points of each variable according to their actual status. Then sum up the points of all variables and find the position on the total points axis. With the same line mentioned above, you can determine the risk of severe exacerbations of 3- and 5-year at the lower line of the nomogram. Comorbidity index is identified through counting the number of comorbid diseases one had among congestive heart failure, GERD, diabetes, and asthma.

Assessment of Nomogram {#S0003-S2003}
----------------------

The C-index of established nomogram was 0.74 (95% CI: 0.71--0.76), the same as model with all variables in their original form and model with congestive heart failure, GERD, diabetes and asthma. [Table 3](#T0003){ref-type="table"} exhibited C-index and 95% CI of the nomogram, BODE, ADO and DOSE, which revealed that the nomogram had better discrimination than other scores for predicting severe exacerbations in our cohort. The internal calibration plots in [Figure 3](#F0003){ref-type="fig"} showed great consistency between the risk predicted by nomogram and the observed occurrence of severe exacerbations at 3- and 5-year. By decision curve analysis, net benefit of applying the nomogram to guide clinical decision-making was beneficial and better than the other 3 risk scores between risk threshold of 10% and 60% ([Figure 4](#F0004){ref-type="fig"}).Table 3C-Index of Nomogram, ADO, BODE and DOSE Risk ScoresPrediction ModelsC-Index95%CINomogram0.740.71--0.76ADO0.690.66--0.71BODE0.690.66--0.72DOSE0.700.68--0.73 Figure 3Calibration plot showing predicted probability of severe exacerbations against the observed proportion of outcomes. The dashed line is the ideal calibration line. Vertical lines in grouped observation represents 95%CI. All groups of predicted probabilities fitting close to the ideal calibration line show perfect calibration. (**A**) 3-year incidence; (**B**) 5-year incidence.Figure 4Decision curves.

Discussion {#S0004}
==========

From a large multicenter prospective cohort of COPD patients during long term follow-up, we constructed a practical nomogram to predict severe exacerbations at 3- and 5-year incorporating easily available clinical data and inflammation biomarkers, which performed better than ADO, BODE and DOSE and had great internal validity.

A main advantage of this study was the population derived from the SPIROMICS, a large prospective observational cohort study. Its COPD patients enrolled with broad criteria resemble the population for whom the nomogram will be applied to, whose obstruction severity ranging from mild to very severe with moderate and severe being the principal part. To the best of our knowledge, this is the first study to develop a nomogram for predicting severe exacerbations in longitudinal follow-up. There were relatively few prediction models focused on severe exacerbations and existing reports were associated with the risk of hospitalization.[@CIT0019],[@CIT0033] However, in our study regarded, severe exacerbations were main target, whose definition included exacerbations requiring hospitalization or ED visits, accordant with the GOLD guideline,[@CIT0001] rather than only focused on hospitalized exacerbations. Statistically, there were 3206 emergency department visits (weighted estimates of 13,938,778 visits) made by patients with exacerbations of obstructive airway diseases during 2007--2015 in 50 states and district of Columbia, of whom 42% had COPD exacerbation.[@CIT0034] Also, in the Confronting COPD International Survey, 12.8% of patients reported at least one hospitalization and 13.8% required ED care due to COPD in the prior year.[@CIT0035] Therefore, emergency department visits because of COPD exacerbations should not be ignored. Last, we externally validated that ADO, BODE and DOSE scores could predict prospect risk of severe exacerbations and DOSE performed better.

Some of the predictors in our study independently associated with severe exacerbations agreed with previously published data: advancing age,[@CIT0019],[@CIT0022],[@CIT0024] low BMI,[@CIT0023] severe exacerbations in the prior year[@CIT0019],[@CIT0024] and leukocytosis.[@CIT0024] FEV~1~ impairment was related with frequency of both moderate and severe exacerbations, hospitalized exacerbations and readmission after discharging from hospital.[@CIT0024],[@CIT0036]--[@CIT0038] And in our study, results of the regression model demonstrated that occurrence of severe exacerbations grew with increasing severity of airflow limitation. Some prior studies have identified higher risk, especially for severe exacerbations, occurred in those patients with COPD and significant comorbidities (e.g. diabetes mellitus, cardiac insufficiency, ischemic heart disease) when compared with those with COPD only.[@CIT0039] As is shown in [[Table S2](https://www.dovepress.com/get_supplementary_file.php?f=234241-S2.docx)]{.ul}, four important comorbidities were demonstrated as risk factors in COPD patients which were consistent with previous studies.[@CIT0019],[@CIT0024]--[@CIT0027] Congestive heart failure was the strongest predictor of severe exacerbations, followed by diabetes, asthma and GERD, that indicated clinicians should take these diseases' therapy into consideration during COPD management. These coexisting diseases, except for GERD, shared similar risk factors, like smoking, and common pathophysiological mechanism with COPD.[@CIT0040] CAT, covering multidimensional aspects of COPD burden,[@CIT0041] had been certified as a brief and valid instrument to thoroughly evaluate health-related quality of life.[@CIT0042],[@CIT0043] CAT score was reported as a predictor of the time to first exacerbation, any exacerbation and moderate-severe exacerbation.[@CIT0044] We also confirmed that the CAT score was an independent risk factor for severe exacerbations in a large cohort of COPD patients during long-term follow-up. mMRC assessment was not included in the nomogram after stepwise regression based on the smallest AIC. This may correspond with the accepted concept that COPD is a systemic disease rather than impairment confined in the lung and we should make a comprehensive evaluation of all components during clinical management.[@CIT0045] Compared to mMRC only involving dyspnea, CAT seemed to be more suitable for the nomogram as it incorporates disease symptoms (cough, phlegm, and chest tightness) and activity levels.[@CIT0046]

With adoption of the proposed nomogram, health-care professionals could make a detailed and individualized assessment of future severe exacerbations in each COPD patient. Such accurate risk stratification would aid professionals in tailoring more reasonable drug treatments and provide more cost effective precautionary measures to improve patients prognosis.[@CIT0047] Maybe clinicians could combine the nomogram with other summing scores of predicting exacerbations and supply intensified treatments if patients have higher risk of severe exacerbations on the basis of evaluation by scores. And it would be easier to communicate between clinicians and patients about the severity of COPD using this visualized tool. In addition to it can be used to risk-stratify participants in COPD therapeutic clinical trials.[@CIT0047]

This study also had some limitations. First, as lack of external validation in other population, the generalization of our predicting nomogram should be further validated. Second, in order to ensure simplicity and practicability, we did not take all associated comorbidities into account, but simply counted the number of those coexisting diseases. However, despite that, our nomogram had great performance in predicting severe exacerbations with these limited comorbid diseases.

Conclusion {#S0005}
==========

Herein, we established a nomogram to predict severe exacerbations in COPD patients at three- and five-year follow-up, which has great internal validation and performed well in discrimination, calibration and clinical efficacy. It might assist clinicians to precisely stratify patients and make salutary prevention management in clinical settings.
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